ABSTRACT. The uptake of free calcium ion (Ca2+) in PHA-or A23187-stimulated lymphocytes was measured using 45CaCl2 and 3H-water.
using quin 2 which is a fluorescent, highly selective Ca2+ indicator. Recently, a more sensitive and accurate indicator, fura-2, has been made by Tsien et al. (8, 25) , and they used it to measure the [Ca2-li in individual cells.
The present study describes the role of Ca2+ in lymphocyte stimulation, as determined by measurements of Ca2+ uptake by lymphocytes in a media containing 45CaC12 and 3H-water and then centrifuged through an oil layer , of total cell calcium using atomic absorption spectrophotometry, of the [Ca2-li in individual cells containing quin 2 or fura-2, and of the expression of the IL-2 receptor using a monoclonal antibody directed against the IL-2 receptor.
MATERIALS AND METHODS
Preparation and cultivation of lymphocytes. Human lymphocytes were obtained from resected tonsils of children aged 4 to 12 years old by using Ficoll-Paque as described previously (11, 21) . The cells were suspended at 1 x 106 cells/ml in TC199 medium (Nakarai Chemicals, Ltd.) supplemented with 20 % calf serum (Nakarai Chemicals, Ltd.). Phytohemagglutinin-P (PHA-P, Difco Laboratories) or calcium ionophore A23187 (Eli Lily and Company), each at the optimal dose for producing the highest rate of DNA synthesis (3.3 µg/ml and 1µg/ml, respectively), was added to the cell suspension and the cells cultured at 37°C in a humidified atmosphere with 5 % CO2.
Determination of amount of Ca2+ uptake. The amount of Ca2+ taken up by lymphocytes was determined using 45CaCl2 and 3H-water. PHA or A23187 was added to 3 ml of a cell culture which contained 10 i/Ci 45CaC12 (New England Nuclear) or 100 p,Ci 3H-water (New England Nuclear). Samples were done in duplicate. After 10, 30 and 60 min, 1 ml of the cell suspension was layered over 0.5 ml of di-n-butyl phthalate : corn oil (100 : 33) (15) in a 2-ml polypropylene microtube. The cells were separated from the medium by centrifugating them at 8500 rpm for 2 min through an oil layer. The medium was pipetted out and the wall of the tube previously in contact with the medium was washed three times by adding and pipetting out deionized, distilled water, and then the oil layer was also pipetted out. The pellet was dissolved in 50 formic acid, transferred to 5 ml of dioxan scintillation fluid, and counted on a liquid scintillation spectrophotometer (Beckman, L59000). The uptake of Ca2+ per cell was calculated from the counts of 45CaC12 and the total cell volume which is proportional to the counts of 3H-water.
Measurement of the total amount of cell calcium. The total amount of cell calcium was analyzed by atomic absorption spectrophotometry (13) . Lymphocytes cultured with PHA or A23187 were harvested by centrifugating cultures at 800 rpm for 7 min and the pellet washed twice with calcium free Hanks' solution by centrifugation at 1000 rpm for 7 min. Almost all the cells collected by this method were viable as determined with the trypan blue exclusion test and their numbers were counted using a hemocytometer. It was ascertained that the intracellular calcium did not leak out due to washing with calcium free Hanks' solution. The cell pellet which contained 3 to 7 x 107 cells was dried at 100°C for 60 min, dissolved in 0.15 ml conc. HNO3 overnight at room temperature and digested at 70 to 80°C for 6 h, after which 0.35 ml deionized and distilled water was added to the pellet. The calcium concentration of the solution was determined at 4227A on an atomic absorption spectrophotometer (Nippon Jarrel-Ash, AA-855).
Measurement of cytosolic free calcium ion concentration. The lymphocytes from tonsils were suspended at a concentration of 1 x 108 cells/ml in TC199 medium (Nissui Seiyaku, Ltd.), which was free from phenol red pyridoxin and riboflavin (these contribute consider-able fluorescence of their own) supplemented with 10 mM HEPES (pH 7.4) and 1 % calf serum. One percent calf serum was the minimum dose for mitogen stimulated lymphocytes to undergo significant blastogenesis and also allowed the measurement of cell flourescence without notable interference from the flourescent materials in the calf serum.
Quin 2 AM (50 pcM, Dojin Chemical, Ltd.) or fura-2 AM (10 p,M, Molecular Probes Inc.) was added to the cell suspension. The cell suspension was incubated at 37°C for 20 min, diluted tenfold, and incubated for an additional 40-60 min (24) . After being loaded with the Ca2+ indicator the cells were centrifuged at 1000 rpm for 10 min and resuspended in the fresh medium at a concentration of 1 x 107 cells/ml.
In order to measure cell fluorescence, the cells were immobilized between two quartz glass cover slips separated by thin paper spacer, and observed under a fluorescence microspectrophotometer (Nippon Kogaku, SPM-RFL-II) equipped with an incubator. The medium between the two cover slips was changed for fresh medium containing 3µg/ml concanavalin A (Con A, Calbiochem, at an optimal dose for high DNA synthesis). The Ca2+ indicator was irradiated with two excitation wavelengths 340 and 360 nm for quin 2, and 340 and 380 nm for fura-2, and the fluorescence measured with a photomultiplier through a 495 nm filter for quin 2 and a 510 nm filter for fura-2. The measurement was carried out at 37°C on individual cells at intervals of 2 to 3 seconds in order to avoid bleaching of the fluorescent Ca2+ indicator. The [Ca2+]i was calculated from the ratio of the intensity at 340 nm to that at 360 nm for quin 2 and 340 nm to that at 380 nm for fura-2. Standard curves were calibrated for 20 p,M quin 2 and 10 p,M fura-2 dissolved in standard calcium buffers containing 100 mM KCl, 10 mM MOPS, 1 mM EGTA, 1 mM MgCl2 and various concentrations of CaCO3 (pH 7.15 at 37°C).
Detection of IL-2 receptor. The lymphocytes were cultured at a concentration of 2 x 106 cells/ml in TC199 medium (Nissui Seiyaku, Ltd.) supplemented with 1 % calf serum containing 3µg/ml Con A. The expression of IL-2 receptor was determined by labelling cells with a mouse monoclonal antibody directed against IL-2 receptor (Becton Dickinson). Cells were then stained with a second fluorescent antibody, anti mouse IgG goat IgG-FITC (Japan Immunoresearch Laboratories Co. Ltd.), and their numbers counted using a fluorescence microscope (Carl Zeiss, MPM 03).
RESULTS
Calcium ion uptake and total amount of cell calcium. The uptake of Ca2+ by lymphocytes was determined by two different techniques, one involving centrifugation Fig. 1.a) . A23187 caused an explosive increase in the amount of Ca2+ taken up ( Fig. 1.b) . However, the augmentation of Ca2+ uptake for both mitogens was transient occurring within the first 30 min after stimulation. During the next 30 min, the Ca2+ uptake of PHA-stimulated cells returned to almost the same level as that of non-stimulated cells, and a similar reduction in Ca2+ uptake was observed in A23187-treated cells ( Table 1) .
The total calcium content of non-stimulated lymphocytes as determined by atomic absorption spectrophotometry was about 2.9 ± 0.54 x 10-15 g/cell (the mean ± S.E. of the content in cells from 8 donors). This is equivalent to about 0.64 mM if the cell volume is calculated from a cell diameter of 6µm. Fig. 2 .a indicates that PHA caused about a 1.2-fold increase within 1 h in the amount of lymphocyte calcium, and about a 2-fold increase by around 40 h (maximum), but the amount decreased somewhat after about 60 h of stimulation. Fig. 2 .b shows the time course of calcium accumulation induced by A23187 in the lymphocytes from two different donors. The pattern of the two curves is quite similar. The calcium content had already increased by about 4-fold after 1 h, and reached a maximum amount after several hours of about 4-to 9-fold higher than initially. Thereafter, it decreased around 12 h to about 2-to 4-fold more than the initial amount and remained at this level for up to 60 h after stimulation.
Cytosolic free calcium ion concentration. The [Ca21i of quiescent lymphocytes measured using quin 2 or fura-2 was about 1 x 10-7 M (Fig. 3.a.b) . A transient increase in the [Ca2+]i was observed within 1 min after stimulation with Con A in both quin 2-loaded cells (Fig. 3.a) and fura-2-loaded cells (Fig. 3.b) . In Sufficiently loaded, quin 2-containing cells, an increase in the [Ca2+]i induced by Con A was detected in only a small percentage of the lymphocytes. On the other hand, in fura-2- Expression of IL-2 receptor. The expression of the IL-2 receptor was determined using a monoclonal antibody directed against IL-2 receptor. As shown in Fig. 4 , the maximum expression of IL-2 receptor-bearing cells occurred about 40 h after Con A addition. At about this time, the total amount of cell calcium and the [Ca2li also reached a maximum. From these results, it may be inferred that there is a relationship between the increase in the [Ca2li and the cellular responses involving IL-2.
DISCUSSION
The present work has demonstrated that Ca2+ plays an important role in lymphocyte stimulation and reveals the following observations : the Ca2+ uptake of stimulated cells is greater than that of non-stimulated cells; the total amount of cell calcium in stimulated cells is greater than that in control cells; the [Ca2li determined using quin 2 or fura-2 rises transiently during the 1st min and also around the 40th h after stimulator addition; and the second later increase in the [Ca2li is likely to correspond to the expression of IL-2 receptor.
The amount of Ca2+ taken up by the suspended cells was easily determined by separating the cells from a 45CaC12 or 3H-water containing medium by centrifugaing the cells through an oil layer. This method was more sensitive and the results more reproducible than that of collecting cells on filter paper and washing them with medium (11, 21) . The amount of exchangeable calcium and the total amount of calcium in cells stimulated with PHA or A23187 were determined by the method of Lichtman et al. (16) . The exchangeable calcium is part of the total cell calcium and exchanges with extracellular calcium. The Ca2+ uptake measured in the present study using 45CaCl2 is proportional to the amount of calcium exchanged during the periods in which the isotope was present. The enhancement of Ca2+ uptake by mitogens may be caused in part by the increased influx of calcium from the culture medium and in part by a conversion of bound calcium to the unbound. state. The size of the exchangeable calcium pool may be increased due to the stimulation by mitogens, and this increased amount of exchangeable Ca2+ plays an important role in lymphocyte stimulation. The augmentation of Ca2+ uptake during the early phase of PHA-stimulation was temporary, occurring within the first 30 min. The uptake between 30 min and 60 min was about the same as that of control cells, indicating that the amount of exchangeable calcium increased only during the quite early stages of PHA-stimulation.
The total amount of calcium in non-stimulated lymphocytes was about 2.9 x 10-15 g/cell. This value is about the same as that reported by Kondorosi et al. (13) . In PHA-stimulated cells, calcium accmulated gradually within the cells. A rapid storage of calcium in A23187-treated cells has been reported (13) . We have shown here that the accumulation peaks several hours after stimulation and then calcium flows out of A23187-stimulated cells. Although the quantity of calcium accumulated in PHAor A23187-stimulated cells was very different in the early phase, there was no notable difference in the accumulation between the cells treated with these two mitogens after the beginning of DNA synthesis.
The techniques of cell centrifugation through an oil layer and an atomic absorption spectroscopy could not be applied to the measurement of the [Ca2+]i in individual cells. Two fluorescent indicators, quin 2 and fura-2, were tools used to determine the [Ca2+]i in a single cell. We used Con A as a stimulator instead of PHA when measuring the [Ca2+]i in single cells because PHA caused more cell aggregation than Con A did in the initial phase of mitogenesis. Moreover, Con A is more suitable for the analysis of mitogenesis mediated by IL-2, since Con A can be easily removed from the lymphocyte cell membrane by washing with a-methyl mannoside (12) , allowing us to determine the individual effects of the mitogen, Con A, and of IL-2 on Ca2+ transport. 45CaCl2 uptake in lymphocytes treated with Con A was quite similar to that with PHA (data not shown). The [Ca2-li in quiescent lymphocytes was about 1 x 10-7 M, and the transient increase in the [Caa2-li seen during the 1st min of Con A-stimulation was observed in a few percent of the quin 2-loaded cells and in about 80 % of the fura-2-loaded cells. Tsien et al. (25) reported that fura-2 is, at the present, the best suited Ca2+ indicator for microscopy of single cells because it had some major advantages over quin 2. In addition, quin 2 is somewhat toxic to cells-DNA synthesis of quin 2-loaded lymphocytes stimulated with Con A was about half as great as that of control Con A-stimulated cells. In contrast, fura-2 had no effect on lymphocytes DNA synthesis (data not shown). About 40 % of the tonsillar lymphocytes were T cells as determined using monoclonal antibodies (T4, Ts and B1, Coulter Immunology), but FITC-Con A bound to almost all the tonsillar cells. The binding of Con A to its receptor may induce a transient increase in the [Ca 2+] in almost all lymphocytes. The role of the transient increase in the [Ca2li might be different in different subsets of lymphocytes ; in one subset it caused the next step in mitogenesis to occur, but in another subset it activated other cellular events.
The influx of Ca2+ plays an important role in the Ca2+ signal, because Ca2+ channel blockers inhibited lymphocyte mitogenesis (2, 21) . The source of the increase in the [Ca 2+] however, is not always due to the influx of Ca2+. It in part comes from conversion of intracellular Ca2+ from a bound to an unbound state. The enhancement of 45CaC12 uptake caused by Con A was not observed in T cells prepared using a nylon wool column (12) , but a transient increase in the [Ca2+]i was observed using fura-2 (Nakabayashi, H. et al. in preparation). The subsets of cells which were induced to take up Ca2+ due to the addition of Con A might have adhered to the nylon wool.
There is some controversy over the [Ca2+]i measured using quin 2 during IL-2-mediated lymphocyte transformation (6, 12, 19, 20) . Gearing et al. (6) reported that the addition of IL-2 to IL-2-dependent cells caused an increase in the [Ca2Hj measured using quin 2. Mills et al. (20) , however, demonstrated that in human and murine IL-2-sensitive cell lines, the IL-2-induced proliferative response is not accompanied by an increase in the [Ca2-1i, as seen with quin 2. We reported in a previous paper (12) that in the mitogenesis of human tonsillar lymphocytes induced by Con A and IL-2, the enhancement of Ca2+ uptake determined using 45CaC12 was not observed but the transformation was dependent on Ca2+. Using quin 2, Mills et al. also reported that an increase in the [Ca2+]i was required, not for the expression of the IL-2 receptor, but for the production of IL-2. Using the more sensitive Ca2+ indicator, fura-2, during blastogenesis, more detailed changes in the [Ca2+]i could be revealed. In our present investigation using fura-2, we suggested that IL-2-mediated lymphocyte transformation may be dependent on an increase in the [Ca2-1i. Whether or not an increase in the [Ca2li is required during IL-2-mediated signaling, for IL-2 production and/or for the expression of IL-2 receptor is a subject for a further study. 25 . TSIEN, R.Y., T.J. RINK and M. POENIE. Measurement of cytosolic free Ca2+ in individual small cells using fluorescence microscopy with dual excitation wavelengths. Cell Calcium 6, 145-157, 1985 (Received for publication, April 23, 1987) 
